Peierls stresses (s P ) of dislocations of 66 slip systems in 52 crystals were estimated from experimental data either by direct extrapolation of the critical resolved shear stress (s c ) vs. temperature curve to absolute zero temperature, or from the T 0 value at which the temperature dependence of s c vanishes, based on the kink-pair formation enthalpy, which is a function of s P , described by the line tension model of the dislocation. The normalized s P /G (G is the shear modulus) values are distributed over four orders of magnitude, but s P /G values for a group of crystals with the same crystal structure are within an order of magnitude, indicating a homologous nature of s P in crystals. In order to compare the results with the Peierls-Nabarro (P-N) formula generalized to any dislocation character, log(s P /G) values were correlated with crystal parameters. In this generalized P-N plot, most of the plots deviate downwards from the Huntington relation (a revised, original P-N relation) and the results of the discretized P-N models of Ohsawa et al. (Ohsawa K, Koizumi H, Kirchner HOK, Suzuki T. Philos Mag A 1994;69:171), with the deviation becoming larger at large h/d value, where h is the lattice spacing of the glide plane, and d is the period of the lattice in the direction of the dislocation glide. In the plot, there is a tendency that the stronger the covalent character, the higher the s P /G value, reflecting the general tendency of the normalized theoretical shear strength of crystals.
Introduction
The most fundamental quantity that determines the strength of crystals is the Peierls potential or the Peierls stress of dislocations in the crystals. However, knowledge of the Peierls stress in crystals is quite limited. The reasons for this are: first, for soft crystals, the effects of defects in crystals on dislocation motion prevent one from evaluating the Peierls stress, and second, for hard crystals, brittle fracture makes it difficult to evaluate extrapolated critical resolved shear stress (hereafter denoted as s c ) to zero Kelvin; to extrapolate s c to zero Kelvin is believed to be the most reliable estimate of the Peierls stress s P of pure crystals, although quantum effects [1] [2] [3] and a possible inertial effect [4] on s c near zero Kelvin can affect s c to some extent (up to 30%).
Theoretically, Peierls [5] first formulated s P , and then Nabarro [6] corroborated the theory, and hence the Peierls stress is also called the Peierls-Nabarro (P-N) stress. In the P-N model, only the two atomic planes facing a distance h (glide plane spacing), in which the dislocation glides, are treated as discrete lattice, and above and below the two planes are approximated as a continuum medium. The interaction potential between atoms in the two planes is assumed to be a sinusoidal periodic function with a period b (Burgers vector) of the relative displacement in the slip direction. The potential energy change with the shift in the position of an edge dislocation with respect to the lattice position is calculated to obtain the Peierls potential. In the calculation, the strain field of the edge dislocation in the two continuum media is treated as a continuous distribution of infinitesimal dislocations which satisfies the equilibrium condition. The Peierls stress is calculated as the maximum slope of the Peierls potential as given by
Here, G is the shear modulus, and m is the Poisson ratio. The dislocation width is defined by the distance between the positions of ±b/4 displacement of two atomic planes and is given by h/(1 À m) in the P-N model. The Peierls stress is essentially determined by the dislocation width.
Foreman et al. [7] extended the P-N treatment by introducing generalized inter-atomic plane potentials, instead of the simple sinusoidal potential. They showed that the dislocation width changes in inverse proportion to the theoretical shear strength, and that the Peierls stress can be drastically changed, depending on the inter-atomic plane potential. Huntington [8] pointed out the inappropriate coordinate system in the original P-N treatment, and modified the model, which resulted in reducing both constants A and C to half. Relatively recently, Wang [9] modified the formulation of Peierls stress and obtained Eq. (1) with C = 1/(1 À m), i.e., s P /G being half of the original result [9] .
In the original P-N model, the dislocation stress field in the continuum medium, described by continuous distribution of infinitesimal dislocations, and the misfit stress due to the lattice discreteness, which balances the former only at the lattice positions, are not self-consistently determined. Ohsawa et al. [10] partly discretized the original P-N model using the interaction shear potential between atoms across the glide plane with spacing h. Outside the two lattice planes was assumed to be a continuum medium, as in the original P-N model, on which forces were acting locally at atomic positions by the interaction shear potential. By computing an equilibrium atomic configuration on the two planes under shear stresses, they computed the strain distribution of the P-N dislocation self-consistently. Peierls stress was obtained as the critical stress, above which no static equilibrium solution was obtained. They used three different interatomic shear potentials, V 1 , V 2 and V 3 , and showed that, for the three potentials, Eq. (1) is approximately satisfied, but with different A and C values; A is in the range 1.7-4.8, and C 0.25-1.2. The three curves of log(s P /G) vs. h/b obtained by Ohsawa et al. are distributed around that of Huntington [8] . Thus, Huntington's result can be regarded as a prototype in the framework of the P-N approximation. Bulatov and Kaxiras [11] also developed a semidiscrete theory, which corrects the inconsistencies in the original P-N model. They applied the theory to a dislocation in Si and showed that the results obtained are consistent with those of atomistic calculation.
One of the present authors (S.T.) and his colleague tried to correlate experimentally estimated s P values to the corresponding h/b value [12, 13] . The results showed that the data points are distributed around the theoretical relation of the original result by Peierls and Nabarro, except for {1 1 0}h1 1 0i slip in NaCl-type crystals. Later, Wang [14] also estimated Peierls stresses of various crystals and obtained results essentially similar to those mentioned above. However, those previous estimations of s P of the order of 10 À1-0 G were quite ambiguous; the extrapolation procedure of s c to 0 K was relatively arbitrary. It is desirable to conduct the extrapolation procedure in a systematic way.
In the present paper, the authors estimated s P values for a variety of slips in different types of crystals, either by the direct extrapolation procedure or by estimating kink-pair energy, which is a function of s P , from the s c vs. T relation at high temperature on the basis of the string model of the dislocation. Then, the s P /G values thus estimated for 66 slips were compared with the P-N equation generalized to any dislocation character.
2. Procedure for estimating s P
Experimental s c vs. T relations employed for s P estimation
It is desirable to use s c vs. T relations obtained for purest single crystals, because impurities can significantly affect s c and make it difficult to evaluate the intrinsic s P value. In some intermetallic compounds, the structure of the dislocation core changes with temperature, which can induce an anomalous temperature dependence of s c and makes it difficult to evaluate s P for the particular slip system. For the estimation of s P from the kink-pair energy evaluated from s c vs. T curve at high temperatures, one needs to calculate exactly the line tension of the concerned dislocation using elastic constants of the crystal, because elastic anisotropy can significantly affect the line tension. Thus, the s c vs. T data employed in this paper satisfy the following conditions: (1) obtained for purest crystals; (2) showing no anomalous temperature dependence; (3) obtained for a considerable range of temperature; and (4) the complete set of elastic constants for the crystal available.
Direct extrapolation procedure
To estimate s P with considerable accuracy by direct extrapolation of s c to 0 K, the s c vs. T relation must be available down to a low temperature near zero Kelvin. This is only possible for relatively low s P materials of metallic crystals and some ionic crystals of simple crystal structure. s c of h1 1 0if1 1 1g slip in face-centered cubic (fcc) metals and those of basal slip in hexagonal close packed (hcp) crystals, those of h0 0 1i{1 1 0} slip in CsCl-type ionic crystals and that of h0 0 1i{1 1 0} slip in PbS with the NaCl structure at low temperatures are considered to be governed by impurity hardening, even for the purest samples. Hence, in those cases, only the upper limit of s P has been obtained. Only for h1 1 1i slip in pure body-centered cubic (bcc) metals and h1 1 0if1 1 0g slip in pure NaCl-type ionic crystals and h1 10if1 1 1g slip in AgCl have s c vs. T relations been reported for the whole temperature range. Those relations have been well interpreted by the Peierls mechanism [15, 16] , and s P values have been evaluated as the extrapolated s c value at 0 K. Even for covalent crystals, s c values could be obtained down to a low temperature without fracture under a confined hydrostatic pressure condition. For four zincblende crystals, s c have been obtained down to a low temperature under a confined experiment, and s P for these crystals have been estimated by direct extrapolation procedure, as mentioned in the next section.
2.3. Estimation of s P from high-temperature s c vs. T curve
In addition to the usual Peierls potential for a straight dislocation, another type of Peierls potential exists, i.e., that for the motion of kinks due to the lattice periodicity along the motion of kinks. These two types of Peierls potential are termed Peierls potential of the first type and that of the second type, respectively.
In the smooth kink case, the Peierls potential of the second type is negligible, and the dislocation motion via the Peierls mechanism is controlled solely by the rate of the kink-pair formation on a straight dislocation, and the dislocation velocity obeys an Arrhenius rate equation with the activation enthalpy corresponding to the saddle point enthalpy DH kp , as illustrated in Fig. 1a . In most of metallic and ionic crystals, the strain rate has actually been described by an Arrhenius equation with a constant exponent:
Experimentally obtained m values were distributed between 20 and 35, most frequently around 30. Since DH(0) = 2E k E kp (E k is the kink energy), one can estimate E kp from the temperature T 0 at which the effective stress becomes zero, i.e.,
In reality, however, the s c vs. T curve generally exhibits a long tail to higher temperature, owing to the contribution of impurities and defects to s c . Thus, T 0 has been determined by subtracting the impurity and defect component, as illustrated in Fig. 2a .
Theoretically, the kink-pair formation enthalpy has been formulated based on the line tension model of the dislocation [17, 18] , and calculated for a variety of Peierls potential shapes [18, 19] . One can write generally the kink-pair energy E kp as
where d is the period of the Peierls potential or the kink height, and j is the line tension of the dislocation lying in the Peierls potential valley. b is a numerical constant, which depends on the shape of the Peierls potential; for sinusoidal Peierls potential b ¼ 4 ffiffi ffi 2 p =p 3=2 ffi 1:02. Numerical calculations for a wide variety of shapes of the Peierls potential have shown that b is insensitive to the shape and is in the range b = 1.0 ± 0.1 [20] . Thus, putting b = 1, one obtains
In order to estimate s P from Eq. (5), one needs to know the type of dislocation that controls the deformation, edge or screw, perfect or dissociated, to determine d, b and j, and also T 0 and m values from experiments. The kink height d is not straightforwardly determined as the lattice periodicity in the direction perpendicular to the dislocation lying in a Peierls potential. d is generally the minimum value of the projection of the lattice translation vectors on the slip plane to the perpendicular direction of the dislocation line. For example, when the glide plane has a basecentered structure with a parallel to the dislocation line and b perpendicular to it, then d is not b but (1/2)b, because the structure is periodic with (1/2)(a + b), which is the case for screw dislocation of (0 0 1)[1 0 0] slip in a-U. For screw dislocation, if the structure has a twofold screw axis perpendicular to the dislocation line, d is half of the translation lattice vector perpendicular to the dislocation line, which is the case for h1 1 0i{0 0 1} slip in NaCl crystals. In the case where the lattice periodicity in the direction of the dislocation glide is shown schematically in Fig. 3 , and the stable positions of the dislocation may be in-between the lattice planes perpendicular to the glide plane, the Peierls potential should have an asymmetrical double-peak shape, as depicted in the figure. This is the case for SrTiO 3 and TiSi 2 crystals. A partial dislocation in a crystal of a complex structure can have a d value not corresponding to a lattice periodicity, which is the case for edge dislocation of prism slip in a-Al 2 O 3 .
In many cases, electron microscopy observation of deformed samples provides the type of dislocations that control the deformation. In cases where such information is not available, one has to select a more reasonable one, from the point of the smooth extrapolation of the observed s c vs. T curve to the estimated s P , between the estimated s P values for edge and screw dislocations; generally the two calculated values differ by a factor of 2-10, and it is not difficult to select a more reasonable one. The m value was not necessarily obtained experimentally. In such cases, m = 30 is assumed in this paper. Taking into account the ambiguity of ±10% of b, ±5% for determination of T 0 and ±20% for m in case of unknown m value, the accuracy of estimated s P will be ±30% and ±70%, for known and unknown m, respectively. The line tension j was computed using elastic constants of each crystal (elastic constants in most crystals are available in a reference book [21] ) according to the equation given by Barnett et al. [22] . For elastically isotropic crystal, j is the largest for screw orientation and decreases monotonically towards edge orientation, and the ratio j screw /j edge = 3-4. However, as shown in the Appendix A, the orientation dependence of j changes drastically from crystal to crystal. Note that the definition of j used in Eq. (2) is larger than that in Ref. [22] by a factor ln(R/r 0 ) (R is the range of the dislocation strain field, and r 0 is the cut-off radius), which has been assumed to be 10 in this paper.
For covalent crystals or the abrupt kink case, the Peierls potential of the second type plays a role for the Peierls mechanism. For this case, the potential profile for the kink-pair formation process is schematically depicted in Fig. 1b , where the superimposing periodic potential is the Peierls potential of the second type. Under an applied stress far below the Peierls stress of the first type, which is the case in usual experimental conditions, the rate of the kink-pair formation per unit length of a dislocation is expressed by the kink-diffusion theory [23] , and is given by
where m k is the vibrational frequency of the kink, E m is the height of Peierls potential of the second type, and d 0 is its periodicity. Thus, the dislocation velocity equation in low stress range is different from the Arrhenius equation. Depending on the relative time scale between the reciprocal of the frequency of kink-pair nucleation on a dislocation segment and the traveling time of the kinks over the segment, there are two regimes of the dislocation velocity with different ingredients of the activation enthalpy: the kinkcollision regime and the kink-collisonless regime. As discussed by Maeda and Takeuchi [24] , there is evidence for the kink-collisionless regime in semiconducting crystals. As the deformation temperature is lowered and the deformation stress is increased, the backward jump of kinks becomes negligible, and the deformation rate may be represented by an Arrhenius equation with the activation enthalpy of the kink-pair formation, as in the smooth kink case.
It is assumed that, even in covalent crystals, the kinkpair energy expression in Eq. (4) holds approximately. Determination of T 0 in covalent crystals was done as drawn schematically in Fig. 2b , where the s c vs. T curve in the high stress region is fitted to a parabola to make contact with the abscissa at T 0 . This T 0 determination is based on the fact that the activation enthalpy of kink-pair formation at low stress, where the interaction of ±kinks of a kink-pair plays a dominant role, should obey
. Application of the line tension model to covalent crystals may appear too crude, and the validity can only be checked by whether the calculated s P are reasonably connected to high-temperature experimental s c vs. T curves.
Results

s P determination by direct extrapolation method
For h1 1 0if1 1 1g slip in fcc pure metals such as Cu and Ag, the s c vs. T curve is almost temperature independent and does not show any sign of the Peierls mechanism operating down to helium temperatures. The same is true for the basal slip in hcp metals and also for CsI, CsBr and PbS crystals. Hence, the Peierls stress in these cases should be lower than the observed s c at zero Kelvin for the purest sample. The upper limits of s P in these crystals [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] are tabulated in Table 1 . h/b values are also given in the table, where dislocations in CsI(Br) and in PbS are assumed to be dissociated into partials.
For six bcc metals of high purity, s c vs. T relations have been obtained for the whole temperature range down to helium temperature [35, 2, [36] [37] [38] [39] [40] [41] , and have been shown to be consistent with the theory of the Peierls mechanism [15] . The same is true [16] for h1 1 0if1 1 0g slip in high-purity NaCl-type crystals of ten alkali-halide and four oxide crystals [42, 43] . The s c values obtained for bcc metals and h1 1 0if1 1 0g slip in NaCl-type crystals are believed to be more accurate than others. Only for silver-halide crystals of AgCl(Br), which are quite ductile in contrast to other NaCl-type ionic crystals, is h1 1 0if1 1 1g slip activated, as in fcc metals, at low temperatures. The fact that h1 1 0if1 1 1g dislocation is more active than h1 1 0if1 1 0g dislocation indicates that h1 1 0if1 1 1g dislocation is dissociated into partials. s c by this slip at 0 K has been observed to be $45 MPa [44] . For four zincblende crystals, s c values for h1 1 0if1 1 1g slip have been obtained in an intermediate temperature range under a confined high-pressure experiment [45] , and these slips have been shown by electron microscopy to be produced not by dissociated dislocations, but by perfect dislocations [46] . These four s c vs. T curves can be extrapolated to zero Kelvin with a considerable accuracy of ±30%. In recent years, it has been clarified that perfect dislocations control the deformation at low temperatures in Si [47] , as in the above zincblende crystals. Rabier et al. [48] obtained s P of Si as low as 1.5 GPa by extrapolating s c estimated by multi-anvil high-pressure experiments. However, these data are excluded from this paper because of the unrealistic, almost temperature independent s c . s P and s P /G values determined by the direct extrapolation procedure are listed in Table 1 , together with the calculated E kp values. In Tables 1 and 2 , the h/b value for each crystal is also presented to compare the results with the original P-N model. Here, h is defined as the spacing of atomic planes between which dislocations glide. In cases where a plural number of atomic spacings exist in a nonsimple crystal structure, the widest one among them in which dislocation is assumed to glide preferentially is selected. An exception is the case for the slip by partial dislocations dissociated into Shockley partials in tetrahedrally coordinated crystals, where the dissociated dislocation of the glide-set glides in the narrower spacing of {1 1 1} or (0 0 0 1) atomic plane. Other cases exist where the h value Table 1 Estimated s P by direct extrapolation procedure and s P /G value, where G is the shear modulus for the respective slip system; for the top ten soft crystals only the upper limit is given; E kp values are calculated using Eq. (4). crystal structure slip system Table 2 Estimated s P for slips in variety of crystals and the material parameters for each slip. 30°, S, E, etc. at the controlling dislocation indicate dislocation orientation.
Crystal Structure Slip system Controlling dislocation 
B , all the data points fall in a single zone, indicating the similarity of the deformation mechanism [49] . It has been established that high-temperature plasticity in these tetrahedrally coordinated crystals is brought about by glide of dissociated dislocations on close packed planes, except wurtzite GaN, for which s c vs. T data are obtained for the prismatic slip. Peierls valleys are located along close packed h1 1 0i directions on {1 1 1} plane in cubic crystals and h1 2 1 0i directions on (0 0 0 1) plane in 6H-SiC. Hence, either 30°-partial or 90°-partial dislocation controls s c . It has been established that the 30°-partial generally possesses higher Peierls potential than the 90°-partial and controls the deformation [50] . Thus, the Peierls mechanism is applied for the 30°-partial in every tetrahedrally coordinated crystal, i.e., b ¼ ð ffiffi ffi 6 p =6Þa and d ¼ ð ffiffi ffi 6 p =4Þa (a is the lattice constant) and j for 30°-partial in Eq. (5) . Note that, owing to the presence of the polarity in zincblende crystals, two 30°-partial dislocations constituting a screw dislocation have different core structures named a-30°-partial and b-30°-partial, the latter having lower mobility [51] . Note that, since the two partial dislocations of a dissociated dislocation generally have different Peierls stresses, the effective stress acting on the controlling partial dislocation should be larger than the applied stress due to the interaction with the partner partial. Under an applied stress s a higher than s partner P , the effective stress acting on the controlling dislocation should be s a þ ðs a À s Table 2 lists various material parameters, the T 0 value obtained from the s c vs. T relation in the literature and the calculated s P value for 14 tetrahedrally coordinated crystals [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . For Si and In P, the data obtained under a confined high-pressure condition were used. m values other than 30 are those reported for the corresponding crystals. For prismatic slip in wurtzite GaN,
Þ=2.
=2Þa and the screw dislocation is controlling, because the edge dislocation is unstable in this crystal owing to the large elastic anisotropy.
h1 1 0i{0 0 1} slip in NaCl crystals
In alkali-halide and oxide NaCl-type ionic crystals, s P for h1 1 0i{0 0 1} slip is much higher than that for h1 1 0if1 1 0g slip, in spite of the fact that h/b value is larger for the former slip system than for the latter. This is believed to be due to high electrostatic energy contribution to the core energy of the 1/2h1 1 0i{0 0 1} dislocation. As a result, the s c vs. T relation for this slip system has been obtained only at high temperatures [42, [67] [68] [69] [70] . Slip lines produced by this slip system are reported to be wavy [67] , meaning that screw dislocations control the deformation. Using b ¼ ð ffiffi ffi 2 p =2Þa, d = b/2, j for 1/2h1 1 0i{0 0 1} screw dislocation, the reported m value [68] of 20 and T 0 determined from s c vs. T data in the literature, s P was calculated for seven NaCl-type crystals, as listed in Table 2 .
Ceramic crystals
s c vs. T relations for various oxide crystals other than NaCl structure and that for TiC were analyzed.
Li 2 O.
Li 2 O has the anti-CaF 2 structure with the minimum lattice distance of 1/2h1 1 0i. Slip line observation and shape change of single crystals revealed that the activated slip system is h1 1 0i{0 0 1} [71] . No electron microscopy data are available, but the straightness of the slip lines suggests that the controlling dislocation may be the edge dislocation. (Even if one assumes that the controlling dislocation is the screw dislocation, the s P obtained differs by only 10%.) Using T 0 = 780 K from the s c vs. T relation and the j value calculated with elastic constants by Hull et al. [72] and assuming m = 30, s P was obtained as listed in Table 2 .
TiO 2 .
In stoichiometric a-TiO 2 with the tetragonal rutile structure, h1 0 1f 1 0 1Þ slip has been shown to be most active [73, 74] . Electron microscopy revealed that dislocations of the above slip system are dissociated into two halves [75] . From the high-temperature s c vs. T curve, T 0 was determined to be 1173 K. s P was calculated for both edge and screw dislocations, but the value for edge dislocation is unreasonably high, and s P for screw is selected as listed in Table 2. 3.2.3.3. a-Al 2 O 3 . a-Al 2 O 3 , having rhombohedral structure, can be deformed by the basal slip of h1 2 1 0ið0 0 0 1Þ and the prismatic slip of h1 0 1 0if1 2 1 0g. Experiments under a confined hydrostatic-pressure condition [76, 77] revealed that the prismatic slip becomes more active than the basal slip at low temperatures. 1=3h1 2 1 0i dislocation has been shown to be dissociated into partials on the basal plane as 1=3h1 2 1 0i ! 1=3h1 1 0 0i þ 1=3h0 1 1 0i, and h1 0 1 0i dislocation into three partials, 1=3h1 0 1 0i þ 1=3h1 0 1 0iþ 1=3h1 0 1 0i [78] . However, there has been a lot of debate on the structure of the basal dislocation and its glide plane [79] [80] [81] [82] . It is assumed in this paper that the basal glide plane is along the vacant octahedral sites or in the middle of the puckered cation layer [80] . The h value for this slip is taken to be the spacing between a cation layer and an anion layer across the glide plane or 0.1358 nm. Basal dislocations lie along h1 0 1 0i directions, and the controlling dislocation is either screw-or 60°-partial, and prismatic dislocations are either edge or screw [83] . s P was calculated for screw-and 60°-partial 1=3h1 0 1 0ið0 0 0 1Þ, and edgeand screw-partial 1=3i1 0 1 0if1 2 1 0g. The calculated s P for screw 1=3i1 0 1 0ið0 0 0 1Þ partial is too small, and s P for 60°-partial is selected. The calculated s P for 1=3i1 0 1 0if1 2 1 0g screw partial is too small, and s P for edge partial is selected, as listed in Table 2 .
SrTiO 3 .
In SrTiO 3 with cubic perovskite structure, h1 1 0if1 1 0g and h1 0 0i{0 1 0} slip systems are active. It is known that the former slip is easier than the latter, in spite of the larger Burgers vector in the former slip, suggesting a possible dissociation of the h1 1 0if1 1 0g dislocation. However, though climb dissociation is observed at high temperature, h1 1 0if1 1 0g glide dislocation does not seem to be dissociated by either electron microscopy observation [84] or by atomistic calculation [85] ; the high mobility of h1 1 0if1 1 0i slip is due to much lower saddle point energy of the C-surface in h1 1 0if1 1 0g than those in h1 0 0i{0 1 0} and h1 0 0i{0 1 1} [85] . s P was calculated for edge and screw perfect dislocation of h1 1 0if1 1 0g from the high-temperature s c vs. T relation for the h1 10if1 1 0g slip [86] , and s P was selected for edge dislocation as a reasonable value, as listed in Table 2. 3.2.3.5. TiC. Detailed high-temperature deformation experiments have been reported for single crystals of NaCl-type interstitial compound of TiC 0.98 [87] . It is assumed that either 60°or screw perfect dislocation is controlling the deformation. s P was selected for screw dislocation as the more reasonable value of s P , as listed in Table 2 .
Transition metal silicides
A large number of papers have reported in recent decades on the plastic deformation of single crystals of various intermetallic compounds. However, deformation mechanisms of many of them are not governed by the Peierls mechanism, and the strength anomalies in some intermetallic compounds have been the subject of great interest. Here, s P is analyzed for four transition metal silicides with high melting points, which are not typical intermetallic compounds composed of only metallic elements and are partially covalent in nature. Elastic constants of intermetallic compounds are reviewed by Tanaka and Koiwa [88] .
3.2.4.1. CoSi 2 . CoSi 2 with the C1 (CaF 2 ) structure deforms by h1 0 0i{0 0 1} slip for a wide temperature range [89] , in contrast to h1 1 0i{0 0 1} slip in ionic CaF 2 -type crystals. High-resolution electron microscopy has shown that h1 0 0i{0 0 1} is dissociated into two halves, i.e., h1 0 0i{0 0 1} ! 1/2h1 0 0i{0 0 1}+1/2h1 0 0i{0 0 1} [90] . Electron microscopy of the deformed sample has also shown that edge dislocations are controlling the deformation [89] . The calculated s P from the s c vs. T relation is given in Table 2 .
MoSi 2 .
The deformation behavior of single crystals of MoSi 2 with the tetragonal C11 b structure has been extensively investigated by Ito et al. [91] . Various slip systems have been observed, and most of them exhibit anomalous temperature dependence of s c . Here, the low temperature part of the s c vs. T relation is used for h1 0 0]{0 1 1) slip. Controlling dislocations have been shown to be those lying in h1 1 1] direction or 68°-dislocation. The calculated s P for h1 0 0]{0 1 1) is given in Table 2 . 0 0 1), and the dislocations align parallel to either screw or 60°orientation [91] . s P was calculated for the partials with the two orientations, and s P was selected for 60°-dislocation as the reasonable one, as given in Table 2 .
V 3
Si. Single crystals of V 3 Si with cubic A15 structure have been deformed at high temperatures [94] . Electron microscopy experiments have shown that the slip system is h1 0 0i{0 0 1} with the preferred orientation of dislocations along the edge or 45°direction [95] . It is assumed that h1 0 0i glide dislocations are dissociated into two halves, i.e., h1 0 0i{0 0 1} ! 1/2h1 0 0i{0 0 1} + 1/ 2h1 0 0i{0 0 1} [96] . Between the calculated s P for 45°and edge dislocations, s P was selected for edge partial as the more reasonable one. 1 1 0). Between the two s P for edge and screw dislocations for the former two slip systems and those for 52°-dislocation and screw dislocation for the last slip system, s P was selected for the screw dislocation as the reasonable one for every slip system, as listed in Table 2 .
H 2 O.
Single crystals of hexagonal ice single crystals have been deformed in compression at low temperatures [98] . The activated slip system was ½1 2 1 0ð0 0 0 1Þ. T 0 was determined from the s uy vs. T relation, and s P was calculated for 60°and screw dislocations. s P was selected for the screw dislocation as the reasonable s P between the two, as given in Table 2 .
Discussion
Validity of s P determination from T 0
First, the applicability of Eq. (4) to h1 1 1if1 1 0g slip in bcc metals and h1 1 0i{1 1 0} slip in NaCl-type crystals was checked, in both of which complete s c vs. T relations were obtained. Fig. 4 shows the correlation between s P obtained by the direct extrapolation to 0 K and those calculated from Eq. (5) by determining T 0 . They agree to within ±50%. Taking into account the considerable uncertainty of T 0 determination due to the relatively large impurity contribution to s c in these low s P crystals, the agreement seems satisfactory.
Secondly, it is shown how naturally the experimental s c vs. T relation obtained at high temperatures can be connected to s P obtained from T 0 . Fig. 5a and b shows the extrapolation of the s c vs. T relation to calculated s P for metallic crystals. The connection seems generally natural. This is expected, because s P values in these metallic crystals are not so high, and the smooth kink model can well be applicable.
The application of Eq. (5) to covalent crystals with s P of the order of 10 À1 G may be problematical. Fig. 6a and b connects the experimental s c vs. T data taken over a wide temperature range under hydrostatic pressure conditions for covalent crystals to the estimated s P . Again the connection in every case seems natural. s P for these crystals are around G/10, and the kink width is calculated to be 3-5 atomic distances. Thus, the above results seem to indicate that the kink of this width can still be approximated by the line tension model.
In any case, the estimation of s P from T 0 suffers from a considerable uncertainty. It seems safe to say that the estimated s P from T 0 has uncertainty of a factor of 2.
Homology
In previous papers, it was shown that s P vs. T relations of bcc metals [15] , tetrahedrally coordinated cubic crystals [49, 16] and NaCl-type crystals [99] can be scaled by normalizing the stress by G and the temperature by Gb 3 , indicating that the deformation by the same slip system in a group of crystals with the same crystal structure is homologous in nature. In the present estimation of s P , s P of close packed metals by glide of Shockley partial dislocations are exceptionally low, i.e., s P < 6 Â 10 À5 G, those of h1 1 1i slip in bcc metals is of the order of 10 À3 G, those of h1 1 0if1 1 0g slip in NaCl-type crystals are in the range 3-16 Â 10 À4 G, and those of h1 1 0i{0 0 1} slip in NaCl-type are an order of magnitude larger than those of h1 1 0if1 1 0g slip, those of h1 1 0if1 1 1g slip or h1 2 1 0ið0 0 0 1Þ slip by dissociated dislocations in tetrahedrally coordinated crystals are in the range 3-17 Â 10 À2 G and those of h1 1 0if1 1 1g slip by perfect dislocation in III-V zincblende crystals are in the range 5-8 Â 10
À2 G, as tabulated in Table 3 . The results show that s P /G values for the same slip system of the same group of crystals with the same crystal structure are within a factor of 10 for all five types of slip. Thus, the first conclusion drawn from the present results is that the order of magnitude of the normalized Peierls stress is determined by the crystal structure type.
There are, however, two groups for NaCl crystals. s P values for h1 1 0if1 1 0g slip and also for h1 1 0i{0 0 1} slip are divided into high s P group and low s P group, as given in Table 3 . It is interesting to note that, except for CaO, the same crystal belongs to the same high or low group in both slip systems. In a previous paper [99] , one of the present author (S.T.) and his colleagues attributed the presence of the two groups of s P in h1 1 0if1 1 0g slip to the presence of high and low saddle-point C-surface energy groups, possibly resulting from a large difference in elastic anisotropy in the two groups, but it is not known whether or not the same argument can apply to h1 1 0i{0 0 1} slip. It should also be noted that the normalized s P values are not different between alkali halide crystals and oxide crystals, in spite of the difference in cohesive character of the two groups.
Tetrahedral coordination in tetrahedrally coordinated crystals is due to sp 3 hybridization, but the ionicity in group IV crystals, III-V compounds, II-VI compounds and I-VII compounds increases drastically in this order, and the contribution of the covalent bonding energy decreases in this order. Corresponding to this fact, it is found that s P /G values for group IV and III-V compounds are systematically larger than those for II-VI and I-VII compounds, as seen in Table 3 . This means that there certainly exists an effect of the difference in the cohesive character on s P beyond the effect on G. A similar difference is seen in bcc metals, where s P /G values of transition bcc metals which are stabilized by the directional d-bonding are obviously larger than that of simple alkali bcc metal of potassium.
In conclusion, the crystal structure determines the order of magnitude of the Peierls stress and the details of the cohesive character reflect on the difference of s P within the order of magnitude. Fig. 4 . Correlation between s P determined by direct extrapolation procedure (abscissa) and those from Eq. (5) by T 0 value (ordinate) for h1 1 1if1 1 0g slip in bcc metals (circles) and h1 1 0if1 1 0g slip in NaCl-type ionic crystals (squares).
P-N models
Since the Peierls stress is primarily determined by the crystal structure as stated above, it is expected that the Peierls stresses can be correlated with the crystal structure parameters, as shown theoretically by Peierls and Nabarro [5, 6] . The present authors tried to compare the present results with the P-N models. Here, the P-N model is defined as follows. The model consists of two lattice planes, facing a dislocation glide plane with a separation h, which are composed of discrete rows of atoms with a period b for edge dislocation, and two half-infinite crystals below and above the planes, which are approximated as a continuum elastic medium. Atomic rows on the upper and lower planes interact with each other as a function of misfit along the slip direction of positions of atomic rows facing across the glide plane. The displacement of the lattice in the direction perpendicular to the glide plane is neglected. The equilibrium state is obtained by equating the stress acting on each atomic row position from the dislocation strain and that of the misfit stress from the facing atomic rows. Earlier models treated both the atomic displacement and the stress distribution as a continuous function of the position, but later Ohsawa et al. [10] and Bulatov and Kaxiras [11] partially discretized the model by describing atomic positions on the two planes explicitly and assuming interatomic shear potential between atomic rows on the two planes.
Here, both the continuous and discretized models are called the P-N model. The next sub-section generalizes the P-N model to non-edge dislocation, where the periodicity of the lattice in the direction of dislocation motion is generally not equal to b. The features of assumptions in the P-N model consist in: (1) above and below the two atomic planes facing the glide plane, the crystal is regarded as a continuum medium, (2) the dislocation strain field extends only along the glide plane, and (3) no relaxation is allowed in the direction perpendicular to the glide plane. Assumption (2) is unrealistically too strong a constraint, particularly for the screw dislocation, whose strain field can spread along various planes sharing the Burgers vector direction, as is well known for screw dislocation in bcc metals [100] . Assumption (3) should result in an overestimate of s P , because the relaxation is expected to be larger at the Peierls potential hill than at the valley.
Generalization of the P-N model
For comparison of the experimentally obtained s P for dislocations of various characters in various crystal structures with the P-N models, the original P-N model is generalized as follows.
(1) Generalization of the P-N model to non-edge dislocations has been reported by several authors [101] [102] [103] [104] [105] . Based on the prototype P-N formula of Huntington, one can generalize the formula for arbitrary character of dislocation as The atomic structures in the three crystals viewed from the Burgers vector direction are given in Fig. 7 . In these cases the atomic planes are corrugated in the direction perpendicular to the Burgers vector. The strongly interacting atomic pair distance across the glide plane is almost twice as large as the maximum spacing of the lattice planes, h 0 . In those cases, it is reasonable to take the h value as the normal component of the vector connecting the strongly interacting pair of atoms across the glide plane, as given in Fig. 7 . As mentioned in Section 3.2.3.3, the h value of the basal slip in Al 2 O 3 crystal is also different from the h 0 value.
ln(s P /G) vs. A(h/d)-B plot
For the generalized P-N plot, one has to determine the d value (lattice periodicity in the direction of the dislocation 1/2 /2 = 0.866 is assumed. For h1 1 1if1 1 0g slip in bcc metals, it is well established that the screw dislocation controls the deformation, and h/ d = 3 1/2 /2 = 0.866. For h1 1 0i{1 1 0} slip in NaCl-type crystals, it was assumed in a previous paper [97] that the edge dislocation controls the deformation, so that d = b and h/ d = 1/2. For h1 1 0if1 1 1g slip in AgCl, 1/2h1 1 0i dislocation is most probably dissociated into Shockley-type partial dislocations, and assuming 30°-partial is controlling h/d = 3 1/2 /3. For four zincblende crystals, the perfect screw dislocation gliding in the wider {1 1 1} lattice plane controls the deformation [46] and h/d = 2 1/2 /2. For crystals listed in Table 2 in which s P has been determined from T 0 , the d value corresponds to the d value in most cases. Exceptions are described in Section 2.3. The h/d value thus determined for each crystal is listed in Table 2 . Fig. 8 shows the result. Several facts should be noted.
(1) Most of the experimental data are below the Huntington line. This may be a result of the fundamental assumptions in the P-N models, where the strain field of the dislocation is not fully relaxed. Even within the P-N model, Schoeck pointed out that s P is overestimated by two effects; one is that the actual non-local nature of the misfit energy due to electron distribution should lower the P-N energy [106] , and the other is that the dislocation width originally assumed to be constant actually changes with dislocation position, which results in a decrease in the P-N energy [107] . Except for the plots for 1=2h1 1 0if1 1 0g slip in NaCl crystals, the data points are located in a shaded zone with a slope larger than those of the theoretical lines. (2) It is known that 1=2h1 1 0if1 1 0g dislocation in NaCl ionic crystals is narrowly undissociated, and C(b/2) values for this slip system are only one-quarter to one-third [99] that of the sinusoidal C-surface assumed in the original P-N model. Referring to the results by Foreman et al. [7] , such a low value will result in a reduction of the maximum slope of the Csurface almost to half, leading to doubling the dislocation width compared with the case of the sinusoidal C-surface. Thus, the A value in Eq. (7) for this slip must be doubled to compare with the Huntington result, as indicated by an arrow in Fig. 8 [110] , and showed that the (s max /G)/(b/h) value increases monotonically from the value $0.1 with increasing b/a nn (a nn is the nearest neighbor distance) value in both crystals. Considering that the dislocations of low s P of the order of 10 -5 G are all dissociated, the large deviation from the P-N models may be due to a much lower value of (s max /G)/(b/h) than those assumed in the P-N models. Joó s et al. [104, 111] derived the analytic formula of the Peierls stress for narrow and wide dislocation cores in the framework of the P-N model in terms of s max without assuming the s max /G / b/h relation. It may be interesting, based on their results, to analyze conversely s max values from the presently estimated s P for a variety of crystals. The other possibility is that the real s P are much larger than the observed s c at 0 K for these soft crystals, and the extremely low s c observed are due to some extrinsic effects which facilitate the kink-pair formation. The latter possibility is related to the longstanding controversy about order of magnitude difference between s c at 0 K and s P deduced from the Bordoni internal friction peak in fcc and hcp metals (see reviews in Refs. [112] and [113] ). Lubrication mechanisms that lower the Peierls stress by point defects have been proposed for fcc metals [114, 115] , but it is not known whether similar mechanisms can apply commonly to any soft crystals. It is strongly hoped that the ab initio calculation of the dislocation process can resolve the above controversy (e.g., Ref. [116] ). (4) As already mentioned previously for tetrahedrally coordinated crystals and bcc metals, one sees a tendency in Fig. 8 that the stronger the covalent bonding character, the higher the normalized Peierls stress. The theoretical shear strengths for the slip systems in a variety of crystals computed by Ogata et al. [117] showed that the normalized theoretical shear stress r th /G is systematically high for covalent crystals (r th /G % 0.2), intermediate for ionic crystals (r th /G = 0.11-0.16) and low for metallic crystals (r th /G = 0.05-0.12). The observed trend is consistent with that of the normalized theoretical shear stress.
Concluding remarks
The present estimation of the Peierls stresses, particularly those obtained from the T 0 value, inevitably suffer from large uncertainty of a factor of 2 in some cases, because the estimation is based on a simple model. However, the objective of the present research is to understand the general trend of the Peierls stress systematically and comprehensively in relation to the crystal structures and cohesive characteristics. Considering that the normalized s P /G values of crystals span over four orders of magnitude, the uncertainty of a factor of 2 is not a crucial problem for the present purpose.
The first conclusion is that the s P /G values of crystals of the same crystal structure and with a similar bonding character are within an order of magnitude, and also some systematic variation is observed in that range, depending on the difference in the bonding character.
The P-N-type analysis is the only way to discuss the crystal structure effect on the Peierls stress. The P-N models are based on a simple assumption of the lattice discreteness that produces the Peierls potential, which does not take into account the relaxation perpendicular to the glide plane for the edge dislocation, nor the spread of the core strain outside the glide plane for the screw dislocation. As is evident from an order-of-magnitude scatter of the data for the same group of crystals, the main origin of the scatter of the data with respect to the P-N models is due to a variation in the C-surface for different crystals. In addition to this, in the generalized P-N plot, various simplified assumptions are made: (1) the discreteness of the strain energy distribution of the dislocation, which is the origin of the Peierls potential, is assumed to be a step-function with the lattice periodicity d, but the large values of d in large unit cell crystals may result in an overestimate of the Peierls potential; and (2) the kink height d and the glide plane spacing h are not unambiguously determined in complex structures. Nevertheless, the second conclusion obtained from Fig. 8 is that s P /G values of a variety of crystal structures are located in a single zone in the generalized P-N plot, except for h1 1 0if1 1 0g slip in NaCl-type ionic crystals in which the C surface is of a quite special shape.
The above two conclusions obtained in the present research encourage the prediction of the order-of-magnitude Peierls stress and to estimate roughly the s P -T relation of any pure crystal of a particular structure. In order to predict the yield stress by the Peierls mechanism more accurately beyond the order of magnitude and to understand the detailed orientation dependence or the non-glide stress effect on s P , one has to rely on the atomistic simulation of the dislocation behavior under stress (e.g., Refs. [118] [119] [120] [121] [122] [123] [124] ).
